Introduction
Patients suffering from tachycardias can be cured by catheter ablation. Although several energy sources can be used [4, 6] , radiofrequency ablation [1, 2] is the most popular method. It promises successful treatment of most supraventricular re-entrant and focal tachycardias and an increasing number of ventricular tachycardias [5] . In nearly all patients, successful ablation provides significant increase in quality of life. Radiofrequency (RF) cardiac catheter ablation is the most common method. It will be applied by computer-controlled application of RF current. Depending on the type of arrhythmia to be treated, standard or cooled-ablation catheters are used in combination with different techniques. For example, standard ablation of AV nodal reentrant tachycardias requires temperature sensor catheters with a tip of 4mm length while 8 mm tip electrodes will be used for atrial flutter [2] . In contrast, pulmonary vein isolation will be performed by cooled ablation using 4mm internal or external cooling catheters to achieve larger and deeper lesion size [3] . Nevertheless, despite lots of developments in the last years, RF ablation is still a complex procedure requiring the physician's special experience and expertise. Thus, there is a need of software simulations that could be used for training purposes and to explain several effects observed during clinical routine.
Methods
COMSOL Multiphysics was used to simulate temperature-controlled RF ablations using standard 4 mm and 8 mm as well as 4 mm cooled-ablation electrodes. Therefore, a simple model was compiled describing the geometry of both, catheter tip including temperature sensor and the dimensions of the myocardial tissue. The formation of cardiac ablation lesions was assumed following three conditions: -the mean blood temperature is 37°C, -the temperature characterizing the beginning of protein denaturation is 42°C -the temperature characterizing completion of scar by protein denaturation is 45°C. For temperature-controlled application of RF current, target temperature of the catheter tip sensor was chosen to be 42 ° C for both, 4 mm and 8 mm electrodes. Temperature distribution below the electrode tip and the resulting lesion propagation within the myocardial tissue were compared between different catheter working angles of 90, 45 and 0 degrees related to the myocardial surface.
The geometry of the various simulated ablation elements was created with the COMSOL geometry tool. It is simulated by four superimposed layers of various thicknesses:
• blood within the heart: 35mm • cardiac tissue: 15mm • Body: 150mm • External counter electrode: 20mm The catheter tip is fixed at the surface of the myocardium. The upper section of this simulation geometry is the bloodstream. For cooled ablation, we simulated an additional area of the cooling fluid.
Results
Simulating a 60 seconds lasting temperature-controlled RF application with standard 4 mm tip electrodes, completion of scar by protein denaturation resulted only in the 90 and 45 degrees catheter positions, but not in the 0 degrees position to the myocardium. Using 8 mm electrodes, complete necrosis with scar formation was reached for all working angles but not before 55 seconds radiofrequency application in the 0 degree position. Compared to that, scar formation was excluded for all tip positions parallel (0 degree position) to the myocardial surface (Figure 1 ). Using the 4 mm electrode with cooled-tip technology, finishing of denaturation was observed with the 90 degrees position, only. Nevertheless, this catheter position provided the quickest formation and the largest lesion geometry compared to conventional ablation without any cooling.
Discussion and Conclusions
The results demonstrate the importance of the position of the electrode with a specific angle to the myocardium. They demonstrate the necessary in skill and virtuosity of physicians practicing this treatment. Defining only few requirements, the COMSOL Multiphysics software allows a simplified model of cardiac substrate modification by radiofrequency ablation catheters. These simulations give an idea of the temperature distribution in the myocardium and the recommended temperature settings [7] . Experienced electrophysiologists confirmed, that lesion size, its formation and propagation defining the result of radiofrequency ablation procedures could be rather realistically described by this simplified model. It allows quantification of the myocardial temperature depended on duration of the radiofrequency current application. Nevertheless, the results should be sophisticated by implementing more parameters and their different behaviours during RF application.
